This paper presents the results of an investigation into the performance of different controllers in active load control of wind turbine blades equipped with microtabs. A bang-bang (BB) controller, a linear quadratic regulator (LQR) a proportional integral derivative (PID) and a sliding mode controller (SMC) are synthesised for load alleviation. The performance of the synthesised controllers in load alleviation is evaluated by employing WTAC (Wind Turbine Aeroelastic and Control), a wind turbine simulator incorporating an unsteady aerodynamic module, a structural analysis module and a control module. The variable-speed pitch-controlled NREL-5MW is adopted as the case study. Using frequency domain analysis it is shown that for the studied case all controllers have more or less the same performance at rejecting the first rotational frequency loads. It is also shown that all controllers are more effective at rejecting loads with lower frequencies. BB and PID controllers, although capable of rejecting low frequency loads, may cause amplification of loads with higher frequencies. Investigating the performance of four controllers at different wind speeds for the studied wind turbine, it is observed that the effectiveness of BB and PID controllers reduces with wind speed but on the other hand SMC and LQR perform better at higher wind speeds. Introducing a new parameter, life index, the performance of different controllers in terms of the actuation wear is investigated. It is shown that LQR cause less actuation wear compared to SMC, while having comparable performance in load alleviation.
Introduction
Wind turbines are subjected to cyclic and stochastic loads produced by wind shear, tower shadow, yaw misalignment, wind turbulence and, in case of operating in a wind farm, the wake effects of other turbines. The unsteady loads acting on rotor blades are spread out over a wide range of frequencies and affect the extracted wind energy by the rotor as well as the lifespan of the blades and other mechanical and structural components. The effect of the flow unsteadiness on the fatigue life of blades increases with the size of wind turbines. Individual pitch control systems are currently employed in many modern wind turbines as a means of alleviating loads. Although individual pitch control systems have shown great performance in cyclic load alleviations of 1P (rotor rotational frequency) [1] up to 3P [2] , these systems do not have any significant impact on stochastic loads with higher frequencies. In contrast to individual pitch control systems, other active flow controllers use aerodynamic control surfaces such as trailing edge flaps and microtabs to modify the flow kinematics locally [3, 4] . Microtabs, proposed by Yen et al. in 2000 [5] , are small tabs located near the aerofoil trailing edge. These tabs deploy almost normal to the surface of the blade on the pressure and suction sides. The deploying height is about 1% to 2% of the local chord length. In comparison to trailing edge flaps, which have been extensively studied for helicopter blades applications, load alleviation using microtabs is a relatively new field of research. Most of earlier research works on microtab were focused on its effectiveness in changing the aerodynamic performance of aerofoils [5] [6] [7] [8] . These works, carrying out numerical and experimental analysis, investigate microtabs steady and transient aerodynamic response and the effect of microtab deployment height and location on the aerodynamic characteristics of the host aerofoils. More recently, applying those results, research on microtab has become more focused on its performance in wind turbine blade load alleviation [9] [10] [11] [12] [13] . The load alleviation results presented by Wilson et al. [10] [11] , although promising, were obtained via simulations based on a simplified aerodynamic model for microtabs. The microtab response and its effect on the flow kinematics were assumed to be instantaneous, providing the same amount of lift and drag forces as the steady state data. In another research work by Zayas et al. [12] the transient response of microtab was included. However their conclusion is not supported by any quantitative results. More recently, in their studies Gaunaa et al. [9] and Macquart et al. [13] used a bang-bang (BB) controller with more realistic dynamic microtabs for predicting the blades aerodynamic performances.
The research presented in this paper, while a continuation of the previous research on microtabs, is more focused on the control aspect of microtabs. In this paper the wind turbine blade load alleviation is approached from a control perspective, investigating: (i) the design of more advance control strategy, (ii) the significance of measurement errors on active control, (iii) the microtabs actuation damage, and (iv) the load alleviation performances in the time and frequency domain. In this context, the steady state aerodynamic coefficients due to microtab deployment are obtained by carrying out two dimensional CFD analyses. Various microtab heights and locations are simulated to find those configurations which provide sufficient lift coefficient for active control with minimum penalty on drag. Furthermore, the microtab transient dynamic is modelled and coupled to a wind turbine blade finite element model. In comparison to the previous works, in this study the impact of flow measurement errors on the aerodynamic model predictions is also investigated. Moreover, the load alleviation performances of the microtab equipped blades are evaluated. For this purpose, two different microtab deployment mechanisms -continuous and discontinuous (on/off) -are considered and four controllers are proposed. The classical linear quadratic regulator (LQR) and proportional integral derivative (PID) controllers are suitable for continuous model whereas the BB and sliding mode controller (SMC) can be applied to both categories. The synthesised controllers are implemented in an unsteady blade element momentum theory (BEMT) based aerodynamic code coupled with a control and a structural module. In contrast to previous research works, the load alleviation obtained using microtabs are evaluated in both time and frequency domains.
Active flow controllers are required to meet design constraints in order to be considered as a viable solution for real applications. Microtabs are meant to reject unsteady loads due to wind turbulence and therefore have to withstand fast actuations to achieve their main objective. On the other hand, violent actuations may lead to damage and life reduction of the actuator. A trade-off strategy between those two objectives must be found such that loads are effectively alleviated while microtabs actuation does not significantly reduce the life of actuators leading to unwanted increase of the maintenance cost. The last part of this paper investigates the suitability of these controllers in terms of their actuations.
The rest of the paper is structured as follows. Section 2 elaborates on the dynamic modelling of microtab. Aero-structural modelling of blades equipped with microtabs is explained in Section 3, followed by explaining the four different controlling methods investigated in this paper in Section 4. Section 5 is dedicated to WTAC, the developed simulation and analysis tool and its performance evaluation against other similar software tools. Results of case studies for different controlling methods are presented and discussed in Section 6.
Microtab Aerodynamic Response Modelling
Previous studies [4, 5, 7, [13] [14] [15] have shown that microtab and gurney flap have similar behaviours and, for efficiency, that microtab should have a typical height of the order of the boundary-layer thickness of the aerofoil. More precise experiments and simulations, in particular for the S809 and DU-96-W-180 aerofoils demonstrated that microtab height above 2% of the chord length results in a significant increase in drag. Furthermore, computational investigations reported in [4] and [7] show that a 1% height microtab located at 95% of chord of the pressure side often provides a good lift/drag compromise. Effect of microtab on NACA 64-618, the aerofoil located at the outer part of the blade of NREL-5MW wind turbine [16] , has not been previously investigated. This aerofoil, 3 compared to S809 is thinner and towards the trailing edge has a different curvature on the lower surface as shown in Figure 1 . In this figure, the parameters c denotes the aerofoil chord length. Carrying out two-dimensional CFD analysis for several deployment heights and chord locations, it was found that on the lower surface, microtab located at 88% of chord from the leading edge with a deployment height of 2% of chord provide highest changes in lift coefficient with minimum penalty on drag coefficient. The best location and deployment height for the microtabs on the upper surface found as 91% and 1.1% of the chord length respectively. Figure 2 shows the effect of microtab deployment on the steady state lift and drag coefficients ΔC L,ss and ΔC D,ss . In this figure, H M and C M , respectively, stand for the maximum microtab deployment height and microtab normalised location measured from the leading edge. Parameters H M and C M are both expressed in percentage of the chord length and Lwr and Upr refer the lower and upper surface of the aerofoil. The microtab dynamic response model recently developed by Macquart et al [13] is used for simulating the microtab transient aerodynamic response. This model is made up of a steady and a transient state, as shown in Figure 3 . Figure 3 -Dynamic lift coefficient [13] In this figure, parameter  denotes the normalised microtab deployment height (deployment height divided by H M ),  is the local angle of attack, ΔC L,ss is the steady state changes in the lift coefficient due to microtab deployment and ΔC L is the dynamic (instantaneous) lift coefficient due to microtab deployment. The steady state data collected from two dimensional CFD analyses are used to generate the steady state lookup tables. For synthesising the controllers, the lookup tables are approximated by the surface of Equation 1 which is linear with respect to the microtab deployment height and nonlinear with respect to the aerofoil angle of attack .
where, 1 a to 6 a are constants found to minimise the error in surface fitting.
The CFD steady state data and its linear approximation obtained by Equation 1 are plotted in Figure  4 . As one can observe, the surface function is linear enough with respect to the microtab deployment height  for the linear approximation to give accurate results. The flow dynamic model, in Figure 3 , is described in the Laplace domain by Equation 2 [13] . representing the fast and slow dynamics respectively. More details on the subject can be found in references [6, 9, 13] . Combining the model of Equation 1 with the flow dynamic response of Equation 2, the overall microtab dynamic from deployment to impact on the lift coefficient can be obtained. Additionally, this microtab dynamic model takes into account two constraints: (i) the effect of microtab on the local lift coefficient is limited to the steady state value of ΔC Lss at maximum tab deployment, and (ii) the time required for the full microtab deployment is fixed [6, 13] . Knowing the microtab deployment height, the deployment time is used to calculate the maximal deployment speed.
The model presented in Equation 2 is used to represent the microtab dynamic as shown for a typical microtab deployment and aerodynamic response as in Figure 5 . 
Aero-Structural Modelling
Manipulating unsteady flow using active flow controllers is a multi-disciplinary science involving aerodynamics, structural dynamics and control, facing challenges due to large and complex nonlinearities as well as couplings. One way to tackle this problem, referred to as reduced order model (ROM), is to use a simplified version of the system dynamics while conserving reasonable accuracy for calculations. Collis [17] advocates that ROMs are crucial in active flow control as real flow dynamics are usually highly non-linear and have high-dimensionality. In this context, a finite element (FE) code, using planar frame elements, has been developed to analyse the blade structural dynamics as a rotating tapered beam. A modal transformation is then used to reduce the model size by only keeping the natural frequencies that are necessary for accurate dynamic motions.
Blade Structure Modal Model
The general governing equation of motion for the blade structural dynamic is given as:
where,   M ,   D and   K are, respectively, the mass, damping and stiffness matrices, . In this study, these coefficients are set such that the structural damping ratios of the first flapwise and edgewise modes match the NREL-5MW blades damping ratios. 
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in which, the modal coordinate vector Q  and external force q F  are defined as:
and diagonal modal matrices   
The transformation matrix T is related to the blade mode shapes and can be found in any finite element books including forced beam motion.
Regrouping all the transformation matrices of the force vector into q B Equation 6 can be rewritten in state space form as: This transformation results in a series of independent dynamic equations (Equation 13) with complex conjugates solutions representing the damped natural frequency of the structure. Because the system is now represented by independent equations of natural frequencies, it becomes possible to neglect particular frequencies that are not significantly contributing to the blade dynamic motion. For instance, if the first f N natural frequencies are considered sufficient for accurate calculations, the modal model is obtained by removing all the rows and columns not corresponding to those modes. The resulting reduced model is shown in Equation 16 , in which the subscript r stands for reduced.
Blade Aeroelastic Model
The reduced structural model is then combined with the microtab aerodynamic model. In unsteady blade element momentum theory, the blades are divided into segments on which the external forces are assumed to be uniformly distributed and time dependent. It is also assumed that the implementation of the microtabs does not change the structural properties. In order to obtain the aero-structural coupling the external forces are divided into the control forces 
Considering the drag produced by microtabs to be negligible compared to the generated lift, the control forces producing flapwise moments generated by a microtab with its centre at radial location r can be expressed as:
where, rel V is the local relative velocity at span location r and  is the air density. Moreover, the dynamic lift produced by microtab actuation as shown in Section 2 can also be written in a general state space form as in Equations 19 and 20.
If the number of blade segments equipped with microtabs is denoted as One can then couple both aerodynamic and structural models as follow:
where the control input matrix can be rewritten as: 
where ), the terms of the general state space form can be expanded as given in Equations 27 through 31. The entries of the first row of C relate the modal coordinates to the blade displacements or moments at a given location and the second row ensures availability of the generated lift. The entries of the C matrix depend on the available measurements (predicted inputs) and position of the sensors located along the blade span.
As one can see in Equation 29, the microtab dynamic is independent of the structural model. On the other hand, the three first blade natural frequencies depend on the dynamic force generated by the microtab deployment. It is, therefore, crucial to ensure that when aiming at alleviating loads of a particular frequency bandwidth or mode, the other modes are not exited.
Controller Design
In this section, the four controllers used for microtabs actuations are synthesised. The controllers are divided into the continuous and discontinuous types referring to the two microtab deployment mechanisms. The classical controllers such as PID and LQR are not suitable for discontinuous control command, whereas the BB and SMC can be used for both mechanism types. Although never more than one controller is used at the same time, one can represent the four controllers closed loop in one scheme as illustrated in Figure 6 . In this figure, parameters Y , Ŷ , filt Ŷ and r Y respectively denotes the system output (e.g. blade deflection or bending moment), estimated output, filtered output, reference for SMC. Moreover, parameter u represents the control command and X the state space estimated. The real time high-pass filter is designed to remove the low frequency content of the estimated system output Ŷ caused by slow changes in incoming wind speeds. More precisely, because the lowest frequency to be alleviated correspond to the first rotational frequency, the filter attenuates all frequencies lower than 1P. The filt Ŷ signal therefore contains the entire bandwidth (1P+) of frequency to be alleviated. In other words, filt Ŷ is the closed loop error for the classical PID controller. Although it is quite common to use a band-pass filter for load alleviation, a simple high pass filter introduces fewer phase in the filtered signal. Furthermore, because the power spectrum of the measured signal decreases as the frequency increase, the controller naturally directs more control effort into the lower frequency content of the input signal.
Although the system output is locally measured (predicted output), it always contains noises. In order to remove measurements noises of the system output and to obtain the state vector required for implementing state controllers, the well-known Kalman filter is used. The construction of the Kalman filter is not detailed herein as this is a well-established procedure. Moreover, there are no major difficulties as the structural system is fully controllable and observable. On the other hand, the aerodynamic system is only partially observable since no sensor directly measures ΔC L . The non-observed aerodynamic lift coefficient produce by microtabs is therefore directly calculated based on the flow measurements and dynamic model (Equation 19 and 20) . More details about the controller design and the closed loop structure illustrated in Figure 6 are given through the rest of this section. [8] proposed an on/off (BB) actuation mechanism. In comparison to more advanced controllers, BB controller does not require tuning, making it easier to implement.
Discontinuous Controllers

Bang-Bang Control
The control law designed for BB controllers without hysteresis take the form of Equation 34.
in which, sat U stands for the maximum control value corresponding to the maximum microtab deployment height. Additionally, a small hysteresis is added to the control law for reducing potential over-actuation, see Figure 7 . The BB control law employed in this study covers three cases: 0  u for zero microtab deployment ( 
Sliding Mode Control
As for BB, the SMC has been chosen because its discontinuous nature makes it a suitable control method for on-off microtab actuators. In addition, the SMC can handle non-linearities and has advantageous features such as a low sensitivity to plant parameter uncertainties and noises. However, the control discontinuity causes chattering phenomenon that is one of the main drawback 
with the condition of reaching the sliding surface in finite time: 
Continuous Controllers
Implementing continuous actuators for controlling microtabs deployment is more difficult and expensive than discontinuous actuators. However, this type of actuations gives the possibility to deploy microtabs at any given height lower than maximal, potentially increasing the performances of microtabs for active load control. In this study, both PID and LQR controllers assume the possibility of continuous microtab deployment for comparison with the discontinuous controller performances.
Proportional Integral Derivative Control
PID controllers are widely used in a variety of applications. The control law for PID controllers is given by Equation 38.
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in which, parameters is obtained by filtering the system output to remove frequencies lower than the first rotational frequency. The frequency to reject therefore includes all frequencies higher or equal to 1P.
Linear Quadratic Regulator
LQR is widely used for linear systems. Tuning process for these controllers, compared to PID, is simple and straightforward. The blade load alleviation is ensured by using a state space augmented with the high-pass filter. The LQR control law is calculated in order to minimise a linear quadratic criterion of the form of Equation 39
  
WTAC Performance
WTAC, the developed software tool for Wind Turbine Aeroelastic and Control analysis, consists of three modules, a blade aerodynamic code incorporating the microtab aerodynamic model of Section 2, the coupled structural model explained in Section 3, and the controllers synthesised based on the theory of Section 4. The blade aerodynamic module is a modified version of WTAero [18] , which uses frozen wake for unsteady flow simulation incorporating Larsen's dynamic stall model [19] . Unsteady wind fields (with various mean wind speeds and turbulence types) are generated by TurbSim [20] in Cartesian coordinates. After adding the effect of wind shear, the resultant wind field is transformed to polar coordinates The performance of the aerodynamic code and the accuracy of the microtab aerodynamic response model have been previously evaluated and reported in [18] and [13] . In order to evaluate the performance of the developed finite element structural analyser, the rotating tapered beam benchmark of [21] and [22] The aeroelastic performance of WTAC is compared with that of two nonlinear aeroelastic codes FAST [23] and DU-SWAMP [24] . Both steady and unsteady cases are considered for investigation. The nonlinear codes FAST and DU-SWAMP do not have the capability of simulating wind turbine blades equipped with microtabs. Therefore, to be able to compare the results, the sub-matrices corresponding to the effect of microtab are not considered in the coupled aero-structural model of WTAC. General characteristics of NREL-5MW wind turbine are given in Tables 2. More details and all data required for structural modelling can be found in [24] . 
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Results of comparison are shown in Table 3 and Figures 10 and 11 . Table 3 shows that WTAC generates results with acceptable accuracy considering that WTAC employs a linear structural model. Figure 10 , showing the steady state results, it can be seen that the predicted results by WTAC in some cases are closer to the predicted results by DU-SWAMP (e.g. rotor thrust force), while in some other cases WTAC results are closer to the results produced by FAST (the second part of the flapwise tip deflection curve and the first part of the power coefficient curve). In Figure 10 , the discrepancies between the flapwise displacements of WTAC, DU_SWAMP and FAST are likely caused by a combination of factors. In DU_SWAMP the tower top deflection is included in the blade tip displacement [24] . WTAC does not include the flapwise and edgewise coupling. The three codes utilise different structural model (i.e. Super-Element, Finite Element, Multi-Body). Furthermore, non-linear structural phenomena are not considered in WTAC. On the other hand, in WTAC, the BEMT aerodynamic code employs a convergence accelerator algorithm ensuring convergence in its iteration loop at higher wind speeds [25] . Figure 11 shows the flapwise and edgewise tip displacements and the bending moments at the root of the blade at 15m/s mean wind speed, considering wind shear. This figure reveals similar dynamic behaviours whereas the flapwise offset is explained by the steady state discrepancies between FAST and WTAC. In addition, one can notice a slight phase shift between both predictions that can be attributed to different initialisation step. 
With reference to
Performance of Controllers in Load Alleviation
For all controllers, it is assumed that the blade is equipped with a string of microtabs covering m S MT 12  (about 20% ) of the total span of the NREL-5MW wind turbine blades, extending from radial location 45.7 m to 57.7 m (see Figure 12 ). The string of microtabs is divided into n segments, each segment with a length of MT S  . Microtabs located on the same segment actuate simultaneously acting as a single unit, while each segment of microtabs operates independently. Without loss of accuracy, microtabs segments can be of the same length of the blade segments defined for BEMT analysis. Results presented in the rest of this paper are obtained by simulations of fixed mean wind speeds over 180 seconds with a time step of 0.01 seconds. In simulation, it is assumed that Pitot tubes and strain gages are used to postulate flow kinematics and the blade bending moment. It is assumed that one strain gage sensor per blade, located at mid span, is used. Postulation of the local flow kinematics in front of each microtab using Pitot tubes is detailed in Section 6.1. Although the wind turbine investigated in this study is equipped with a conventional pitch control system the dynamic pitching is not considered in simulation. Since pitch control system and microtabs act on two different frequency bandwidths, it is assumed that the two control systems do not have any significant interactions.
Simulating Measurement System -Local Flow Kinematic Prediction Using Pitot Tubes
Two parameters that describe the dynamic and steady behaviour of microtabs are the local relative velocity and the angle of attack. These parameters can be approximated via measured quantities by Pitot tubes, namely, the inflow angle and the local relative velocity as reported by Castaignet et al. [26, 27] . Since, in practice, it is not viable to have a Pitot tube in front of each microtab [26, 27] , it is assumed that only two Pitot tubes per blade are used and the flow kinematics at other microtab locations are interpolated based on the reading of these two.
Flow kinematics at the outer parts of blades, where the microtabs are located, is mainly dictated by the magnitude of the tangential velocity rather than the axial (wind) velocity. Since tangential velocity is a linear function of radial location, using only two Pitot tube and interpolation of the flow kinematics for other points seems a reasonable arrangement. This section investigates the accuracy of postulation of flow kinematics over a long span by using only two measurement points. In this study it is assumed that the Pitot tubes are located close to the two ends of the microtab string at radial locations 47.7m and 55.7m (see Figure 12 ). This makes the middle segment, centred at radial location 51.7 m, the worst segment in terms of expected error in flow kinematic prediction. 
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Using TurbSim a 180-second unsteady flow field with time step of 0.01 seconds is produced. For each time step, the angle of attack and the relative velocity distributions at radial location 51.7 m are predicted based on the values at two locations 47.7m and 55.7m (representing the two measurement points by Pitot tubes). The predicted results are then compared with the actual data produced by TurbSim and used to calculate the error of prediction. Figure 13 shows the probability density function of the error in the predicted angle of attack for the mean wind speeds of 5 and 15m/s. The fitted normal distributions to the probability density functions (also shown on Figure  13 ) show that for both cases  , the error expectation, is very close to zero and  , the standard deviation, is also very small. Referring to Figure 2 , one can see that changes in angle of attack within the range of errors shown in Figure 13 have small impact on the aerodynamic coefficients. Figure 13 -Error of estimation of the angle of attack at radial location 51.7m based on Pitot measurements at radial locations 47.7m and 55.7m for mean wind speed of (a) 5m/s and (b) 15m/s.
Load Alleviation Results in Frequency Domain
The four controllers are designed to alleviate loads higher or equal to the 1P frequency (1P+), approximately equivalent to 0.2Hz for a corresponding rotor speed of rpm 1 . 12   at rated wind speed. A 180-second simulation of the 5MW wind turbine utilising the four controllers operating at a 10 m/s mean wind speed wind field is carried out. Representing the controlled bending moment at the root of the blade by two components, the mean value c M and the variable part c M ( With reference to Figure 14 and Table 4 one can observe that all controllers, irrespective of the actuation mechanism (discontinuous and continuous) and type (BB, SMC, LQR and PID) have very similar performance in easing 1P loads. This can be explained as follows: 1P loads are mainly caused by the variations of the aerodynamic loads due to wind shear. For this frequency, the target load to be generated by string of microtabs,
, is greater than the microtab reachable space (achievable moment by the string of microtabs) and consequently all microtabs deploy to maximum height and saturation as shown in Figure 15 .a, for two controllers BB (discontinuous) and PID (continuous). In other words, the deployment height time history is dominated by the effect of low frequency loads (1P-2P) as shown in Figure 15 .b. This figure shows 1P and 1P-2P loads after filtering all other frequencies. Results presented in Table 4 also show that the effectiveness of all controllers in load alleviation reduces with load frequency. In fact, BB and PID controllers amplify loads with higher frequencies. A similar observation of this phenomena for trailing edge flaps has been reported in the work of Castaignet et al. [26] where it is explained as plant-model mismatch. However, this behaviour is due to the fact that these controllers aim at alleviating the main frequency (1P) without taking into account its effect on the higher frequency bandwidths. On the other hand, in the model-based controller LQR the control law does not allow the controller to increase 1N frequencies in order to decrease 1P. In case of the model-based controller SMC, the designed sliding surface aims at a reduction of all the frequencies rather than just low frequencies. Although the LQR and SMC controllers assume two different microtab deployment mechanisms (continuous and discontinuous), their load alleviation performances are comparable.
The effect of different controllers on the 1N loads at different wind speeds are also calculated and presented in Table 5 . From this table it can be seen that while the effect of BB and PID in amplification of high frequency loads is either unpredictable or increasing with wind speed, LQR and SMC become more effective at load alleviation at higher wind speeds due to their robustness. This can be seen as the chief advantage of LQR and SMC compared to BB and PID.
Performance in terms of actuator lifespan durability
Microtabs actuators are required to meet some design constraint in order to be considered as a potential solution for load alleviation. Microtab actuator must have a short time response to counteract high frequency aerodynamic loadings. On the other hand, while subject to high frequency deployment, microtabs must maintain their reliability over the long lifespan of wind turbine. Figure 16 shows the behaviour of the BB, SMC, PID and LQR controllers in microtabs actuation in time domain. As one can observe from this time window, the SMC clearly features the most violent microtab actuations whereas the BB controller bears the less effort on microtabs actuator. To evaluate the wear of actuators using four controllers, the number of actuations is counted for each scenario. The number of actuations here is defined as the number of changes in the sign of deployment speed. The average numbers of actuations per blade, for the respective mean wind speed of 5, 10, 15 and 22m/s, over 180 seconds simulations for the four controllers are given in Table 6 . Table 7 shows the normalised results with respect to the life index of BB controller. This table shows that the number of actuations when using SMC, as the most effective controller in load alleviation, can be as high as 10 times of the number of actuations when using BB. On the hand, the number of actuations when using LQR is only about 7 times of the number of actuations for BB controllers. Taking into account that the performance of LQR in load alleviation is comparable with the performance of SMC, LQR is probably the best type of controller for microtab actuators.
Summary and Concluding Remarks
The effect of controller type on the performance of microtabs in load alleviation and the life of actuators was investigated. Four types of controllers, namely, BB, PID, LQR and SMC, were synthesised for load alleviation. A software tool, WTAC, for simulation and analysis of wind turbines equipped with microtabs actuated with synthesised controllers was developed. WTAC employs an unsteady BEMT aerodynamic load predictor incorporating the microtab aerodynamic model, a reduced order aeroelastic model, and a controller simulator for aeroelastic and control analysis of wind turbines equipped with active load controls. It was shown, while capable of simulating active control systems, WTAC performance in aerodynamic and aeroelastic analysis of wind turbine blades is comparable with well known tools FAST and DU-SWAMP.
The microtab dynamic response model recently developed by Macquart et al [13] was used for simulating the microtab transient aerodynamic response as well as synthesising more realistic controllers to investigate the full potentials of microtabs.
Using WTAC to carry out frequency domain analyses it was shown that:  Microtab, as an active control surface, can be effective in alleviating loads with a wide range of frequencies (1P to 1N).  The controller type used to actuate microtabs plays a major role in the effectiveness of microtabs in load alleviation.  For the studied 5MW wind turbine all controllers show more or less the same performance at rejecting the low frequency loads. This is due to saturation of microtabs when dealing with demand loads larger than their reachable spaces. It is expected to observe different behaviour for smaller wind turbines or when using longer strings of microtabs.  Effectiveness of all types of controllers in alleviating loads reduces with the frequency of load. While controllers LQR and SMC are still capable of rejecting loads with higher frequencies, simple controllers BB and PID amplify high frequency loads including the first natural frequency of the blade. The effectiveness of BB and PID controllers reduces with wind speed but on the other hand SMC and LQR perform better at higher wind speeds. This is due to using a high-pass filter as reference to the controllers, leading the control system to provide more control effort for alleviating lower frequency bandwidths.  Discontinuous and continuous actuation methods can produce similar load relief if suitable controllers (SMC and LQR) are used.  LQR causes less wear while having a load alleviation performance comparable with SMC. Tables  Table 1-Natural Frequencies of a Rotating Tapered Beam  Table 2-Wind Turbine General Features  Table 3 -Wind Turbine Blade Natural Frequencies Table 4 -Load alleviation for a mean wind speed of 10m/s for nP 2 . 0   (targeted frequency 1P+) Table 5 -Effect of load alleviation on first natural frequency (1N) Table 6 -Average Numbers of actuation per blades per microtab section over 180 seconds Table 7 -Normalised Life index for a PDF of 3 different average mean wind speeds
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